Objective: To investigate the relationship between the tumour volume and metabolic rates of astrocytic tumours using MR spectroscopy (MRS) during radiation therapy (RT). Methods: 12 healthy male Sprague-Dawley® rats (SpragueDawley Animal Company, Madison, WI) were used, and a tumour model was created through injecting C6 tumour cells into the right caudate nuclei of the rats. Tumours grew for 18 days after the injection and before the imaging study and radiation treatment. MRS was performed with twodimensional multivoxel point-resolved spectroscopy sequence using a GE Signa VH/i 3.0-T MR scanner (GE Healthcare, Milwaukee, WI) equipped with rat-special coil. RT was given on the 19th day with a dose of 4 Gy in one single fraction. The image examinations were performed before RT, and on the 4th, 10th, 14th and 20th days after treatment, respectively. GE FuncTool software package (GE Healthcare) was used for post-processing of spectrum.
Results: Metabolic ratios of serial MRS decrease progressively with time after RT. Choline-containing components (Cho)/creatine and creatine phosphate (Cr) ratios immediately prior to RT differed significantly from those on the 10th, 14th and 20th days after RT; both Cho/Nacetyl aspartate (NAA) ratios and NAA/Cr ratios immediately prior to RT differed significantly from those on the 14th and 20th days after RT. A positive correlation between changes of tumour volume and changes of Cho/Cr, lipid and lactate/Cr and glutamate plus glutamine/Cr ratio was observed on the 4th day after RT. Conclusion: MRS provides potential in monitoring tumour response during RT, and the imaging biomarkers predict the response of astrocytic tumours to treatment. Advances in knowledge: MRS is combined with both tumour size and Ki-67 labelling index to access tumour response to radiation.
More than 180,000 brain tumours (malignant and benign) are diagnosed each year in the USA. Of these, about 23, 380 are primary brain tumours. 1 Among the primary brain tumours, approximately 50% are glioblastoma multiform (GBM) and 50% are gliomas. Glioma has been thought of as a disease involving multiple gene mutations. 2 It has always been difficult for neurologists to diagnose and treat glioma, especially GBM. 3 Although conventional MRI can be used to detect brain lesions, its sensitivity and specificity for distinguishing between benign and malignant lesions and differentiating between tumours and non-neoplastic lesions are limited. Similar MRI features may be present in several different tumour types. It is very difficult to differentiate high-grade and low-grade brain tumours with conventional MRI. 4 The lack of biological markers with prognostic significance impedes the development of new treatment strategies.
Although some biomarkers can be identified through molecular analysis 5 and DNA microarray, 6 these procedures normally require diagnostic biopsies that may not be feasible owing to tumour location. With the advancement of MR spectroscopy (MRS), biologically relevant intracellular metabolites can be detected, grading of astrocytomas can be assessed and their biological behaviour and prognosis can be evaluated. 7 MRS is a unique method for performing analysis of the metabolism of organs and cells. It allows measurements of metabolites for specific atomic nuclei and their components, including choline-containing components (Cho), creatine and creatine phosphate (Cr), N-acetyl aspartate (NAA), lipid and lactate (LL) levels and glutamate plus glutamine (Glx). The most commonly studied metabolites in the brain are NAA, Cho and Cr. [8] [9] [10] [11] [12] NAA is a predictor for neuronal and axonal integrity since decreased levels are usually observed after brain injury. The second most commonly observed MRS finding after brain tumours is increased Cho levels via cell membrane disruption and altered phospholipid metabolism, 13 which are biomarkers for cell membrane turnover. 14 The Cho level may be used to predict the malignancy of gliomas. 15 The Cho level has been found to correlate with the cellular density of tumours. 16 The Cr peak is an indicator of cell energy metabolism 17 and can be used to distinguish pure tumours from pure necrosis. 18 It has been found that Cho and LL levels normalized to Cr are a strong predictor of survival, 19 especially when diagnostic biopsies are not feasible. Glx changes arise from both neuronal and glial cells and reflect cytoplasmic concentrations. 20 The ratio of Glx/Cr was increased in 10 patients of brain tumour with oedema, which is associated with injury to the myelin sheath. 21 High Glx/ Cr in vivo MRS index is a good predictor of tumour grading. 22 Significant correlations have been reported with hippocampal volumetric measures and Glx/Cr in patients with schizophrenia but not in healthy controls, 23 although the relationship between volume and Glx/Cr has been explored in brain tumours. Thus, MRS potentially shows promise in brain tumour management.
The Ki-67 labelling index (LI) is a promising proliferation marker in histological examination. Barbarella et al 24 first reported that the Ki-67 LI was correlated with Cho/Cr ratio. It is an independent predictor of both tumour recurrence and overall survival in meningioma. 25 It can be used to predict clinical outcome in acromegalic patients. 26 The Ki-67 LI increased at higher histological grades. 27 It is a reliable tool to accurately determine the growth fraction of neoplasms in humans and animals. 28 Therefore, it has been used to predict clinical outcome.
In this study, we tested our hypothesis that biomarkers illuminated by MRS during radiation therapy (RT), including NAA, Cho, LL and Glx/Cr, can add significant predictive power to clinical response to RT. We present the prognostic information on these biomarkers and demonstrate that these provide useful prognosis. We investigated the relationship between tumour volume and the metabolic ratios, including Cho/Cr, LL/Cr and Glx/Cr as well as the relationship between Ki-67 LI and the metabolic ratios of these.
METHODS AND MATERIALS
Animal model of C6 glioma 12 healthy male Sprague-Dawley® rats (Sprague-Dawley Animal Company, Madison, WI) weighing between 250 and 300 g (median weight, 275 g) were used in this study after approval by the Institutional Animal Care and Use Committee of Fudan University, Shanghai, China. They were fed and housed in the Huashan Hospital at the Fudan University under aseptic conditions. The tumour model was created by injecting cultured cells of C6 glioma cell line into the brain of the rats.
Cell culture
Astrocytic tumour C6 cells were provided by the Institute of Biochemistry and Cell Biology at the Shanghai Institute for Biological Sciences. C6 cells were cultured in McCoy's medium supplemented with 10% heat-inactivated foetal bovine serum, 100 U ml 21 penicillin and 100 mg ml 21 streptomycin. They were maintained as exponentially growing monolayers at 37°C in a humidified atmosphere consisting of 95% air and 5% CO 2 .
Intracranial injection of tumour cells
An hour before starting intracranial (IC) injection, C6 cells were washed once with phosphate-buffered saline solution, harvested by trypsinization, counted and resuspended in serum-free McCoy's medium to a final concentration of 1.2 3 10 6 cells per 10 ml. For IC injection, rats were anaesthetized by an intraperitoneal (IP) injection of a mixture of ketamine/xylazine (60/7.5 mg kg 21 , respectively). A volume of 10 ml of cell suspension was slowly injected into the right caudate-putamen of the animal's brain, as described in the literature. 29 Buprenorphine was injected subcutaneously right after the injection of tumour cells for optimal pain management (0.05 mg kg
21
; v 5 1 ml).
Animal handling during MR acquisition Animals were anaesthetized using a mixture of isoflurane in O 2 (3%, 1.5 ml min 21 ). Then, they were placed on an electric heating pad and maintained under anaesthesia using a nose cone (1-2% isoflurane in O 2 , 1.5 ml min 21 ) throughout the imaging session. A 24-G catheter was secured into the animal's tail vein to allow for intravenous injection of hyperpolarized (1-13 C) pyruvate. Rats were placed in a custom-made cradle for positioning the brain in the centre of the radiofrequency (RF) coil and in the centre of a magnet. A water-heating pad was used to maintain stable body temperature of the animals throughout the imaging session.
Customized special coil for rats was configured by using a polyvinyl chloride pipe that is 15 cm in length and 6.4 cm in inner diameter, which was wound around eight units of birdcage coil. The solenoid coil had a diameter of 6.4 cm and a length of 10 cm and was placed in the RF shielding cylinder of 12 cm outside diameter. Since the coil requires much lower energy than the conventional 3-T MR head coil, we reduced transmit signals by 20 db through an attenuator. Therefore, automatic scanning software can be used to correct the energy transmitted to the RF receiver as well as the gain received by the RF receiver.
Rat irradiation
The tumour model was created successfully in 18 days after the implantation. The 12 rats were then treated with primary RT, which included external beam RT with 6-MV photons (a total of 4 Gy in one single fraction delivered to the head region of 2 3 2 cm between the anterior-bottom edges of both eyes and anterior-bottom edges of both ears) using a clinical linear accelerator (CLINAC-600C; Varian Medical Systems, Palo Alto, CA). The machine used in our study was equipped with a collimator of 120 leaves, which can create a maximal field size of 40 3 40 cm with 0.5-cm leaves in the central 20 3 20-cm region and 1-cm leaves in the outer 20-cm field. Irradiation to the rats was performed with the central field within 20 3 20 cm region. And to minimize the impact of leaf width, we designed the two-dimensional (2D) treatment plans through rotating the collimator such that the ends of the leaves (rather than the sides of leaves) were used to conform the treatment fields to the tumour. Figure 1 shows the isodose distributions of a treatment plan for a rat brain tumour.
MRI protocol, MR spectroscopy and tumour volume measurement
Conventional MRI All rats were examined using the 3.0-T MRI/MRS scanner (GE Healthcare, Milwaukee, WI). Conventional MR sequences were as follows: sagittal fast spin-echo T 1 weighted imaging for location; axial spin echo T 1 weighted imaging [repetition time (TR)/echo time (TE) 5 400/11 ms; field of view (FOV) 5 60 mm; matrix 5 256 3 256; number of excitation pulses 5 2; bandwidth 5 12.5 kHz; slice thickness 5 1 mm; interslice gap 5 0.2 mm; total number of scan slices 5 16]; fast spin echo T 2 weighted imaging (TR/TE 5 4000/120 ms; other parameters identical to those used in the T 1 weighted spin echo sequence); and fast fluid attenuation inversion recovery (TR/TE 5 4000/120 ms; time of inversion 5 2200 ms; matrix 5 256 3 192; number of excitation pulses 5 one; other parameters identical to those used in the T 1 weighted spin-echo sequence).
MR spectroscopy
For all rats, an automated multivoxel 2D chemical shift imaging sequence (TR 5 1000 ms; TE 5 35 ms; phase encoding x 5 24; phase encoding y 5 24; number of excitation pulses 5 one) was used for 1 H-MRS, and contralateral normal brain tissue was used as a control. FOV was 60 mm in diameter, slice thickness was 4 mm and the voxel size of the MRS was 1.87 3 1.87 3 4 mm 3 . Tumour and 1 H-MRS were located by T 2 weighted imaging, and shimming was performed by the MRI scanner automatically. The volume of interest was chosen within the solid tumour so as to avoid the strong interference from subcutaneous fat, haemorrhage, necrosis and the cystic part of the tumour. The total duration for 2D 1 H-MR spectrum acquisition was 580 s. If the quantitative analysis routine finds and fits a peak in a region, a failure is reported if the signal-to-noise ratio (SNR) of the peak is ,5 to 1, and/or the goodness of fit of the peak is ,4. The SNR is the usual signal-to-noise ratio; the noise is estimated by taking the average RMS value over two regions of data. The goodness of fit is a ratio of the power of the peak (over the fitting region) vs the power of the residue. The power of the peak is taken to be the lesser of the power of the data over the region, and the power of the curve fit data over the region. If neither criterion is met, a failure is reported and "-ND-" (for not detected) is displayed for the peak values. Cho, choline-containing components; Cr, creatine and creatine phosphate; Lip0.9, lipid signal at 0.9 ppm; mI, myo-inositol; NAA, N-acetyl aspartate. MRS was acquired prior to RT and on the 4th, 10th, 14th and 20th day after the treatment. GE FuncTool 2.6.4b software (GE Healthcare) was used to process the raw data that were stored in a workstation.
Tumour volume measurement
On the 18th day after C6 glioma cell injection, conventional MRI and MRS were used to observe the tumour volume and metabolic information. Volumetric measurement was implemented by manually contouring the tumour border on every slice using GE FuncTool software. The percentage change of tumour volume is defined as (V b 2 V a )/V a 3 100%, where V a and V b are tumour volumes measured before and after RT, respectively.
Ki-67 labelling index
For pathology and Ki-67 immunohistochemical staining, the intact skulls were removed and fixed in 10% paraformaldehyde solution.
All procedures were performed under IP anaesthesia. Ki-67 LI is the percentage of Ki-67-positive nuclei in the total number of tumour cell nuclei per reference area. The tissue sample nearest to the spectroscopic voxel was visually identified through comparison with MR images and selected for the Ki-67 staining. The technique used for Ki-67 staining of paraffin-embedded sections was described by Shi et al. 30 The sections were deparaffinized, placed in 300 ml of citrate buffer with a pH of 6.0 and heated five times for 3 min each at full power in a 500-W microwave oven so as to activate the epitope of Ki-67 protein. After heating, the sections were reacted with mindbomb homologue 1 (MIB-1) diluted 1:50 in phosphatebuffered saline containing 1% normal rabbit serum and counterstained with methyl green. .1000 cells were counted in several areas representative of the pathological characteristics, and the Ki-67 LI was calculated as the percentage of positively stained nuclei.
Biostatistical methods
Quantitative data analysis was performed using SPSS® v. 19 (SPSS Inc., Chicago, IL). All of the data are presented as means 6 standard deviation (SD). The parameters in the two groups before and after RT were compared using repeated measures analysis of variance test, with p , 0.05 considered to be statistical significant. Pearson's correlation was used to indicate the relationship between two variables.
Receiver operating characteristics (ROC) analysis was used to determine a cut-off value for Cho/Cr and its power of outcome prediction was evaluated with Kaplan-Meier log-rank test.
RESULTS
In the 12 rats, it was found that the glioma cells were successfully growing into tumours in these healthy rats, which showed in conventional MRI and MRS images on the 18th day after cell injection. The tumour volume was evaluated by T 2 weighted MRI and the average tumour volume was 272 mm 3 for these 12 rats. Of the 12, 9 volumes reduced on Day 4 after RT, as shown in Table 1 . Figure 2 shows the tumour volume change before and after RT. However, in the early phase of RT, three volumes corresponding to rat 1, 6, 12, respectively, were observed to increase at the fourth day after RT and decrease afterwards. The metabolic ratios evaluated by serial MRS after RT decreased progressively as a function of time after RT, as shown in Table 2 . The metabolic ratios changed significantly sometime after RT as compared with those prior to RT, as shown in Figure 3 .
The metabolic ratios for three rats were found to increase and then decrease. The change in the metabolic ratios remains consistent with the change in the tumour volume. Because there were tumour volume increases in three rats at the early phase of RT, it is necessary to record the metabolic changes. Table 1 Cho/Cr, LL/Cr and Glx/Cr are independent variables for identifying the change of tumour volumes. At Day 4 after RT, the ROC analysis for the changes in Cho/Cr, LL/Cr and Glx/Cr showed that the areas under the curve were 0.926, 1.000 and 1.000, respectively, and the optimal values were 21.5%, 6.5% and 45.0%, respectively. These optimal values are able to identify whether tumour volumes increase. For instance, the optimal value of 45% in Glx/Cr can be used to separate tumour volumes into two groups with the tumour volume increasing in one group corresponding to the change of Glx/Cr .45% and the tumour volume decreasing in the other group. These three parameters were significantly correlated with tumour volumes (p 5 0.033, 0.013 and 0.013, respectively) as shown in Table 3 . A new variable was created that was the multiplication of three parameters (5Cho/Cr 3 LL/Cr 3 Glx/Cr) and was correlated with tumour volumes. When these three parameters were combined, the predictive power of tumour volume change was strengthened (p 5 0.012) because of synergistic effect. In a separate study with 62 rats of which 32 rats were injected with the same C6 tumour cells and 30 rats were used as a control group, our result of ROC analysis on Cho/Cr suggests that tumours might have a higher grade as Cho/Cr .2.0. KaplanMeier survival curves were obtained using the optimal value, as shown in Figure 7 .
DISCUSSION
This animal model with C6 gliomas generated in rats provides great potential in studying tumour metabolites with MRS during RT. This study investigated the utility of MRS in the identification of brain astrocytic tumour biomarkers, providing useful information on using MRS biomarkers, such as NAA, Cho and LL for evaluating brain astrocytic tumours. NAA is recognized as an internal neural marker. It has a high peak in MRS of normal brains and tends to decrease in increasing malignant glioma. 31 In this study, it is interesting to observe that NAA decreases for 11 rats with increasing or decreasing volumes during RT. NAA decrease might reflect the fact that the neurons had been replaced by neoplasm, resulting in a decrease in the number of neurons and thereby a decline in the signal. However, for Rat 12, NAA/Cr increases as the tumour volume increases. This might be associated with oedema and thereby increasing neurons. In contrast to NAA, in astrocytomas, some investigators reported that Cho signal intensities always increase at a higher rate during more rapid development of neoplasm. 2 Other investigators pointed out that Cho peak actually has three components that cannot be resolved with magnetic fields ,3 T. 13 Our results obtained by using a 3-T MRI scanner show that Cho levels increase with increasing tumour volume, in large parts owing to the increasing proliferation rate and denser cellular density. Cho/Cr decreases as tumour volumes decrease during RT. This might be explained by the fact that the metabolic rate decreases and therefore proliferation rate reduces during RT, which shows that Cho/Cr can be used to indicate tumour response to RT.
In astrocytomas, the relationship between the tumour grade and Cho levels exists with high-grade tumours having higher Cho levels. This can be explained by higher membrane turnover in aggressive tumours. However, it has been found that high-grade tumours have lower Cho levels than do grade I or grade II astrocytoma. 32 This is due to the presence of necrosis in highgrade tumours, which is associated with lower metabolites. 33 High Cho levels are typically observed in non-necrotic highgrade brain tumours, for example, anaplastic astrocytoma. Cho, choline-containing components; CI, confidence interval; Cr, creatine and creatine phosphate; Lip0.9, lipid signal at 0.9 ppm; mI, myo-inositol; NAA, N-acetyl aspartate.
Full paper: MRS in rat with C6 glioma during RT BJR 12 rats injected with C6 tumour cells grew into different grades that were correlated with Cho levels. ROC analysis on Cho levels provides an optimal value for classification of grades because of the significant correlation between Cho and tumour grades. 31, 34 As shown in Figure 7 , it turns out that the lifetime of a rat group with Cho/Cr #2 is longer than that with Cho/Cr .2, indicating the significant correlation (p 5 0.015) between survival and Cho levels in the association with the tumour grade.
Lipid (at 1.3 ppm) and/or lactate (LL) peaks consist primarily of lactate and secondarily of lipid because our methodology focused on sensitization of lactate over lipid. Low LL signal is associated with low-grade gliomas that are generally characterized by a relatively high concentration of NAA, low Cho level and the absence of LL. 34 LL signal seems higher in grade IV and remains low in grade II or III gliomas 34, 35 and the presence of lipid signal indicates the necrosis and lipid storage inside the gliomas. 36 Increased LL signal predicts high-grade brain tumours, which generally contain a high degree of necrosis. 13 Visible lipids in MRS correlate with necrosis, which cannot be differentiated from late-stage apoptosis through standard histology. Therefore, such a correlation by MRS provides useful prognostic information on the tumour grade.
The Glx peaks are defined between 2.15 and 2.45 ppm. Glx changes arise from both neuronal and glial cells and reflect cytoplasmic concentrations, 20 thus Glx can be used as an intercellular neurotransmitter marker. In our study, we observed that the tumour volume increased when Glx/Cr was .45% and decreased when Glx/Cr was ,45%. This gives us evidence that Glx/Cr may be considered as a possible predictor of malignity degree of brain tumours.
Brain tumours are usually heterogeneous with necrotic cores, proliferative rims and invasion of surrounding tissues. The spectrum of MRS may vary from one region to another. Because of lesion variability, tumour heterogeneity, dependence on data acquisition and analysis techniques, it is very difficult to use MRS alone to precisely diagnose a brain lesion. In this case, MRI should be combined together with MRS. It is important to locate a region of interest for sophisticated analysis. Heterogeneous spectroscopic voxels through MR images normally indicate high Ki-67 LI, whereas homogeneous spectroscopic voxels present low Ki-67 LI. 15 After RT, Ki-67 LI decreases, as shown in Figure 5b ,c. This might be explained by the fact that tumour perfusion status improves through RT and tumour volume decreases, 37 and hence the status of tumour heterogeneity changes.
MRS findings should be interpreted with caution because they vary greatly with the time from brain injury to scan and also vary with the patient's age. 14 For example, NAA levels in the normal brain increase rapidly during maturation, reach a maximum around 10-15 years of age, and then decline slowly owing to the decreased number of neurons.
14 Although NAA/Cr ratios have remained similar across studies, results should be interpreted cautiously because differences in the underlying pathophysiological mechanisms were observed in experimental data with the same NAA/Cr ratios. Our experimental design overcomes the time variation in MRS studies because of the same time scheme was used for the 12 rats at the same age.
In this study, the tumour volume varied from one rat to another. The partial volume averaging may affect the accurate determination in the tumour volume. As the tumour volume was becoming small, the partial volume artefact would make it difficult to delineate the tumour border. The main strategy for decreasing partial volume artefacts is to use smaller, more sharply defined voxels. This means thinner sections, smaller FOV and/or higher imaging matrix.
MRS is a very useful technique that allows the investigation of biochemical pathology within the brain, including brain tumours during RT, and provides reproducible diagnostic and prognostic biomarkers for evaluating tumour biology and metabolism. Our results suggest that the normalized Cho and lactate correlate strongly with tumour volume change after RT, which is an important prognostic factor for clinical outcome.
